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CPEB, Maskin, and Cyclin B1 mRNA at the Mitotic
Apparatus: Implications for Local Translational
Control of Cell Division
quences in the 39 untranslated regions (UTRs) of re-
sponding mRNAs are required for cytoplasmic polyadenyl-
ation: the hexanucleotide AAUAAA and the cytoplasmic
element (CPE), whose general structure is UUUUUAU
(McGrew et al., 1989; Fox et al., 1989). The CPE is bound
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by the RNA binding protein CPEB (Paris et al., 1991;†Program in Molecular Medicine
Hake and Richter, 1994) and the hexanucleotide isUniversity of Massachusetts Medical School
bound by a cytoplasmic form of CPSF (cleavage andWorcester, Massachusetts 01655
polyadenylation specificity factor), a group of three or
four polypeptides (Dickson et al., 1999). At least for mos
mRNA, polyadenylation is activated by the Eg2-cata-Summary
lyzed phosphorylation of CPEB serine 174 (Mendez et
al., 2000). This event may help CPEB recruit CPSF toIn Xenopus development, the expression of several
the AAUAAA, which in turn enhances the interaction ofmaternal mRNAs is regulated by cytoplasmic polyade-
poly(A) polymerase with the end of the mRNA.nylation. CPEB and maskin, two factors that control
While polyadenylation might trigger translationpolyadenylation-induced translation are present on
through multiple effector molecules such as a cap-spe-the mitotic apparatus of animal pole blastomeres in
cific 29-O-methyltransferase (Kuge and Richter, 1995;embryos. Cyclin B1 protein and mRNA, whose transla-
Kuge et al., 1998) or poly(A) binding protein (Tarun andtion is regulated by polyadenylation, are colocalized
Sachs, 1996), one that appears to be centrally importantwith CPEB and maskin. CPEB interacts with microtu-
is maskin (Stebbins-Boaz et al., 1999). Maskin, whichbules and is involved in the localization of cyclin B1
was identified initially as a protein that specifically co-mRNA to the mitotic apparatus. Agents that disrupt
immunoprecipitated with CPEB in Xenopus oocyte ex-polyadenylation-induced translation inhibit cell divi-
tracts (Stebbins-Boaz et al., 1999), was shown to havesion and promote spindle and centrosome defects in
an eIF4E binding domain (for a review of eIF4E, seeinjected embryos. Two of these agents inhibit the syn-
Gingras et al., 1999). Yeast two-hybrid and histidine-tagthesis of cyclin B1 protein and one, which has little
pull-down experiments demonstrated that maskin doeseffect on this process, disrupts the localization of
indeed interact with both CPEB and eIF4E. The interac-cyclin B1 mRNA and protein. These data suggest that
tion of these three factors helped explain the paradoxCPEB-regulated mRNA translation is important for the
that the CPE acted both positively and negatively tointegrity of the mitotic apparatus and for cell division.
regulate translation. That is, the CPE is essential not
only for polyadenylation-induced translation during mat-Introduction
uration, but also for translational dormancy prior to mat-
uration (Standart et al., 1990; Stutz et al., 1998; de MoorEarly development in many animals is directed by mater-
and Richter, 1999). In immature oocytes, CPE-con-nally inherited mRNAs that are translated in a stage-
taining mRNA is bound by CPEB, which in turn is boundspecific, sequence-specific, and often location-specific
by maskin, which in turn is bound by eIF4E. This configu-manner. While the proteins encoded by such mRNAs
ration of factors excludes the interaction of eIF4E withperform a variety of functions, some that are particularly
eIF4G, an initiation factor that is essential for translation.important include those that program the meiotic and
Progesterone not only induces CPEB phosphorylation
mitotic cell divisions and that help establish embryonic
and polyadenylation, but also the dissociation of some
polarity (Macdonald and Smibert, 1996; Wickens et al.,
of the maskin from eIF4E. Once this dissociation occurs,
1996). Although a number of mechanisms are probably eIF4E presumably is free to bind eIF4G, which helps
responsible for the translational activation of different position the 40 S ribosomal subunit on the 59 end of
maternal mRNAs, one that is critical for early develop- the mRNA (Stebbins-Boaz et al., 1999). The molecular
ment is cytoplasmic polyadenylation (Richter, 1999, relationship between maskin-eIF4E dissociation and
2000). While some specifics of this process are unique polyadenylation remains to be determined.
to certain animal groups, many of the general ones have While CPEB homologues are present in several spe-
been established using Xenopus oocytes. Prior to the cies (Lantz et al., 1992; Gebauer and Richter, 1996; Bally-
onset of oocyte maturation (i.e., re-entry into the meiotic Cuif et al., 1998; Walker et al., 1999), those in Drosophila
divisions), mRNAs encoding Mos, several cyclins, and and zebrafish oocytes and embryos are involved in
cdk2, among others, are translationally quiescent and mRNA localization (Christersen and McKearin, 1994;
have relatively short poly(A) tails, usually z20 nt. In re- Lantz et al., 1994; Bally-Cuif et al., 1998). Because sev-
sponse to progesterone stimulation, the tails on these eral mRNAs are regionally concentrated in Xenopus oo-
mRNAs are elongated up to z100 nt, and translation cytes (reviewed by Schnapp et al., 1997), we thought
ensues (Stebbins-Boaz and Richter, 1994; Sheets et al., that CPEB might be involved in mRNA localization as
1994; Stebbins-Boaz et al., 1996). Two cis acting se- well as in translation regulation. Here, we show that
CPEB and maskin are moderately concentrated at the
animal pole in oocytes. In eggs and early embryos, how-‡ To whom correspondence should be addressed (e-mail: joel.richter@
umassmed.edu). ever, vegetal pole-predominant protein destruction re-
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Figure 1. Distribution of CPEB and Maskin during Oogenesis
(A) Immunohistochemistry of CPEB and maskin using affinity-pure antibodies on stage 1–6 albino oocytes in whole mount (panels 1–3), or on
frozen sections of stage 5–6 oocytes (panels 4 and 5). The arrowheads denote concentrated staining of CPEB and maskin in the animal pole
of oocytes in whole-mount and intense staining of these proteins in the animal pole cortex of frozen sections. A selected area of the
immunostaining for maskin is shown at higher magnification (panel 6).
(B) Western analysis of CPEB, maskin, and MAP kinase in stage 1–6 oocytes. The protein from one oocyte was loaded onto each gel lane.
(C) Western analysis of CPEB, maskin, and MAP kinase from animal and vegetal sections from stage 3–6 oocytes. Frozen oocytes were cut
in half along the equator, and the protein from the animal (a) and vegetal (v) halves was applied to the gel.
sults in a concentration of these proteins at the animal synthesis, inhibit cleavage, and cause centrosome and
spindle defects. A CPEB mutant protein that does notpole. Clearing the yolk of immunostained embryos re-
vealed that CPEB and maskin were colocalized with interact with the mitotic apparatus in vivo disrupts the
localization of cyclin B1 mRNA, has little effect on cyclina-tubulin on centrosomes and mitotic spindles. While
Eg2 was primarily concentrated at centrosomes, other synthesis, but also inhibits cleavage. These data sug-
gest that CPEB and/or maskin regulate the translationfactors involved in polyadenylation-induced translation
(eIF4E, poly(A) polymerase, CPSF), were evident through- and localization of cyclin B1 and possibly other mRNAs
in the vicinity of spindles and centrosomes, and thatout the blastomeres. CPEB and maskin are microtubule
binding proteins, which in the case of CPEB, requires this regulation is necessary for cell division.
a small domain that is also necessary for its association
with centrosomes in vivo. Results
The function of CPEB and maskin at spindles and/or
centrosomes in embryos is presumably dependent upon Distribution of CPEB and Maskin during Oogenesis
To determine whether CPEB and maskin are localizedthe mRNAs with which they are associated. We show
that two mRNAs, Xbub3 and cyclin B1, are localized with during oogenesis, different stage Xenopus oocytes were
collected and immunostained with antibody specific foror near CPEB and maskin on spindles and centrosomes in
Xenopus embryos. Agents that prevent CPE-mediated the two proteins (Figure 1A). While CPEB was uniformly
distributed in stage 1–4 oocytes, it was concentrated atpolyadenylation-induced translation abrogate cyclin B1
CPEB, Maskin, and Cyclin B1 mRNA
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Figure 2. CPEB and Maskin Localization during Early Embryogenesis
(A) Immunostaining for CPEB and maskin in ovulated eggs, 4 cell, and 16 cell albino embryos. The animal pole is the site of intense staining.
(B) Western blot analysis of CPEB, maskin and tubulin in the animal (A) and vegetal (V) halves of stage 6 oocytes, progesterone-matured
oocytes, ovulated eggs, and blastula stage embryos. Each lane was loaded with protein from one-half oocyte or embryo equivalent.
(C) Embryos that were stained with CPEB and maskin antibodies, or with nonimmune serum, were treated with a benzyl-benzoate:benzyl
alcohol (1:2) solution to clear the yolk. CPEB and maskin are associated with structures that resemble mitotic spindles.
(D) Embryos were simultaneously immunostained for a-tubulin and either maskin, CPEB, or ElrA.
the animal pole during the late stages (5–6) of oogenesis each about 5-fold more concentrated at the animal pole
by stage 5–6 (Figure 1C). These results demonstrate that(panels 1–3). Immunostaining of frozen sections of stage
6 oocytes revealed a CPEB concentration at the cortex CPEB and maskin are most prevalent at the animal pole
in fully-grown oocytes.of the animal pole (panel 5), where a punctate appear-
ance (panel 6) suggests that it might reside in large
complexes. Maskin immunostaining was not observed Localization of CPEB and Maskin in Eggs
and Embryoin stage 1–4 oocytes, but was detected predominantly
in the animal pole of stage 5–6 oocytes (Figure 1A). Following the activation of MPF (cyclin/cdc2), most of
the CPEB is destroyed (Hake and Richter, 1994; de MoorAs with CPEB, immunostaining of frozen sections for
maskin revealed a concentration at the animal pole cor- and Richter, 1997). To determine whether this destruc-
tion has an impact on the relative distribution of thetex. Nonspecific control serum did not stain the embryos
(not shown). protein, immunohistochemistry was performed on eggs
and embryos. Figure 2A shows that only the animal poleWestern blotting confirmed the developmental profile
of the two proteins during oogenesis (Figure 1B). CPEB contained detectable levels of CPEB and maskin. The
asymmetric distribution of these proteins was also re-was detected in oocytes of all stages, while maskin was
detected only at stages 5–6. Separation of oocyte halves vealed by immunoblotting of animal and vegetal por-
tions of oocytes, eggs, and embryos (Figure 2B). Asat the equator revealed that CPEB and maskin were
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noted previously, CPEB was about 5-fold more concen-
trated at the animal pole in oocytes. In in vitro matured
oocytes, ovulated eggs, and blastulae, the only detect-
able CPEB was found in the animal pole, which was
also nearly the case for maskin.
To further examine the distribution of CPEB and
maskin at the animal pole, the yolk of immunostained
embryos was cleared with a benzyl-benzoate/benzyl al-
cohol solution. Unexpectedly, this treatment revealed
that both CPEB and maskin resided in structures that
closely resemble mitotic spindles (Figure 2C). A double
immunostain for CPEB and a-tubulin, and for maskin
and a-tubulin, confirmed that both CPEB and maskin
were localized to mitotic spindles at the animal pole
(Figure 2D). As a control, the ElrA RNA binding protein
(Good, 1995) was not detected on spindles
Localization of CPEB and Maskin to the Mitotic
Apparatus during the Cell Cycle
To examine the association of CPEB and maskin with the
mitotic apparatus in more detail, embryos were stained
with antibodies for these proteins as well as for a-tubulin
and analyzed by confocal microscopy (Figure 3A). At
prophase and pro-metaphase, CPEB and maskin were
both strongly, although not exclusively, localized to
centrosomes. In many cells, staining for CPEB and
maskin seemed to be stronger for one of the two
centrosomes (data not shown). At metaphase, CPEB
and maskin were distributed along the length of the
spindles, although there was a concentration bias to the
area closest to centrosomes. Maskin and CPEB re-
mained on or near the spindles and centrosomes at
anaphase and telophase (Figure 3A and data not shown).
In addition to CPEB and maskin, at least four other
factors are involved in CPE-regulated translation in oo-
cytes (see Introduction). To assess their possible local-
ization, additional immunostaining experiments were
performed (Figure 3B). The kinase Eg2, the activator of
CPEB, was concentrated at centrosomes, similar to that
observed for CPEB. However, this was not always the
case, which confirms a previous study demonstrating
that the residence of Eg2 at centrosomes is transient
(Roghi et al., 1998). The cap binding protein eIF4E (which
also binds maskin), poly(A) polymerase (PAP), and the
100 kDa subunit of CPSF (the AAUAAA binding complex)
were all detected throughout the blastomeres, although
there was a slight concentration of these proteins at the
centrosomes.
Figure 3. Localization of Factors Involved in Polyadenylation-Induced
Translation at Several Stages of the Cell CycleCPEB and Maskin Are Microtubule
(A) Confocal images of CPEB and maskin, and a-tubulin to locateBinding Proteins
centrosomes and spindles, at the designated stages of the cell
The localization of CPEB and maskin at the mitotic appa- cycle.
ratus suggests a direct or indirect association of these (B) Confocal images of Eg2, eIF-4E, poly(A) polymerase (PAP), the
proteins with microtubules. To assess this possibility, 100 kDa subunit of CPSF, and a-tubulin at designated stages of the
cell cycle. DAPI was used to stain DNA in some of the panels.we performed microtubule spin-down assays (Figure
4A). Western analysis shows that while most of the CPEB
pelleted with taxol-stabilized microtubules from an oo-
cyte extract, it was not pelleted when the extract was bules. These results show that CPEB and maskin can
associate with microtubules in vitro.treated with colchicine, a microtubule depolymerizing
agent. About two-thirds of the maskin was also found To determine whether CPEB and maskin can interact
directly with microtubules, they were expressed in andin the microtubule pellet, but was not completely re-
leased by treatment with colchicine. Neither Map kinase purified from E. coli, incubated with in vitro polymerized
microtubules, and centrifuged. Almost all the CPEB, andnor actin was pelleted with taxol-stabilized microtu-
CPEB, Maskin, and Cyclin B1 mRNA
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Figure 4. CPEB and Maskin Are Microtubule Binding Proteins
(A) Microtubule spin-down assay using oocyte extracts. Extracts were supplemented with taxol to polymerize microtubules, or with colchicine
to depolymerize microtubules, and centrifuged through a sucrose cushion. The supernatants (S) and pellets (P) were then immunoblotted and
probed for tubulin, CPEB, maskin, MAP kinase, and actin.
(B) Microtubule spin down assays using purified components. Wild type or deletion mutant CPEB proteins (top) and maskin were synthesized
in, and purified from, E. coli, and mixed with polymerized microtubules in vitro. The mixture was centrifuged and the supernatants (S) and
pellets (P) were immunoblotted for CPEB, maskin, and tubulin. LDSR refers to the motif in CPEB that is the Eg2 phosphorylation site (ser174),
PEST refers to a domain rich in proline (P), glutamic acid (E), serine (S), and threonine (T) residues, RRM1 and RRM2 refer to RNA recognition
motifs, and ZF refers to a zinc finger.
(C) Localization of CPEB-GFP fusion proteins. Fertilized eggs were injected with mRNA encoding a wild type CPEB-GFP fusion protein and
GFP fluorescence was then analyzed at the blastula stage. Antibody against g-tubulin was used to locate centrosomes. Normal rat kidney
(NRK) cells were infected with Sindbis virus harboring wild type CPEB-GFP, CPEB D4-GFP, CPEB D1-GFP, or GFP alone, and GFP fluorescence
was used to locate the heterologous proteins. Antibody against pericentrin was used to locate the centrosomes.
about 50% of the maskin, were found in the microtubule fied, and examined in the microtubule spin-down assay
(Figure 4B). C-terminal and N-terminal deletions hadpellet (Figure 4B). While these results are consistent with
those presented in Figure 4A, one must consider the little affect on the interaction of CPEB with microtubules.
However, two small internal deletions that removed ei-caveat that in vitro associations of proteins can occur
nonspecifically. Consequently, we have sought to define ther a putative PEST protein-protein interaction domain
(D4), or LDS174R (D1), the site of Eg2-catalyzed phosphor-an essential domain in CPEB that is necessary for both
in vitro binding to microtubules and in vivo association ylation, resulted in CPEB proteins that did not pellet
with microtubules.with microtubule-containing structures. Several deletion
mutant CPEB proteins were expressed in E. coli, puri- To examine whether the D1 and D4 deletions affected
Cell
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Figure 5. Localization of Xbub3 and Cyclin B1 mRNAs in Embryos by Whole-Mount In Situ Hybridization
Relevant sequence information of the 39 UTRs of Xbub3 and cyclin B1 mRNAs, denoting the CPEs and polyadenylation hexanucleotides (AAU
AAA), is presented. Different embryos were probed with antisense sequences for these two mRNAs as well as for eIF4E mRNA, which does
not contain a CPE. Other embryos were probed with a-tubulin antibody. Except for the embryo with the designated animal and vegetal poles, all
the embryos are shown with animal facing out. Selected mitotic complexes are shown at higher magnification. DAPI was used to stain DNA.
the in vivo localization of CPEB, several GFP fusion repeated their in situ hybridization experiment, and con-
firm that indeed this CPE-containing mRNA is associ-proteins were analyzed. First, mRNA encoding wild type
CPEB-GFP was injected into one-cell embryos. Follow- ated with such structures (Figure 5). Based on immuno-
staining with a-tubulin antibody and with DAPI staininging cleavage to the mid-blastula stage, the fusion protein
was detected by GFP fluorescence, which was colocal- for DNA, we conclude that these structures are indeed
mitotic spindles. While the importance of Xbub3 in theized with g-tubulin, a marker for centrosomes (Figure
4C, top). When introduced into NRK cells by virus infec- early embryo has not been elaborated, cyclin B1 is in-
volved in cell division (Minshull et al., 1989; Murray andtion, CPEB-GFP fluorescence was again found to be
associated with centrosomes, which in this case was Kirschner, 1989). Cyclin B1 mRNA contains a CPE, and
its expression in oocytes is mediated by cytoplasmicdetected by immunostaining for pericentrin (Figure 4C,
bottom). Centrosomal localization was not observed polyadenylation (Stebbins-Boaz et al., 1996; de Moor
and Richter, 1999). In situ hybridization shows that thiswhen either GFP, D4CPEB-GFP, or D1CPEB-GFP was
introduced into these cells. The data in Figure 4 demon- mRNA is also localized to spindles, and is particularly
evident at the animal pole. In contrast, eIF4E mRNA,strate that CPEB is a microtubule binding protein, and
that it requires the regions deleted in the D1 and D4 which does not contain a CPE, was not localized to this
structure. No hybridization signals were observed whenproteins for this interaction in vitro and for localization
to the mitotic apparatus in vivo. embryos were probed Xbub3 or cyclin B1 sense RNAs
or nonimmune serum (data not shown). Thus, two CPE-
containing mRNAs, which bind CPEB in vitro (Stebbins-Xbub3 and Cyclin B1 mRNAs Are Concentrated
Boaz et al., 1996; data not shown), have localizationon the Mitotic Apparatus
patterns in embryos that are very similar to those ofThe localization of CPEB and maskin on the mitotic
CPEB and maskin.apparatus suggests that CPE-containing mRNAs might
be associated with this structure as well. Goto and Ki-
noshita (1999) have shown that the mRNA for the check- Translational Control of Cell Division
To determine whether CPEB is important for embryonicpoint control protein Xbub3 is localized to spindle-like
structures in the animal pole of early embryos. We have cell division, one cell of a two cell embryo was injected
CPEB, Maskin, and Cyclin B1 mRNA
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Figure 6. Inhibition of Cell Division and Defects in the Mitotic Apparatus Induced by Factors that Disrupt Polyadenylation-Induced Translation
(A) One cell of two cell embryos were injected with nonspecific IgG (control) or affinity-purified CPEB antibody and cultured until control
embryos reached the mid-blastula stage. Note that cell division was inhibited, although not completely, in the portion of the embryo injected
with CPEB antibody (arrow).
(B) The embryos injected with CPEB antibody in panel A were immunostained for a-tubulin. Note the accumulation of multiple centrosomes
in cells with or without intact nuclei (top two frames), the detachment of centrosomes from spindles, and the bifurcated spindles. DNA was
stained with TOTO3.
(C) Score of embryos with inhibited cytokinesis and defects in the mitotic apparatus as depicted in panels A and B following the injection
(one cell of a two cell embryo) of CPEB antibody, CPEB proteins D4 and DN, maskin antibody, cordycepin, or maskin eIF4E binding peptide.
In each case, a matched control was also injected into embryos. The numbers in parentheses indicate the number of embryos that survived
the injection.
with affinity purified CPEB antibody, which neutralizes Embryos were injected with a variety of other agents
that interfere with polyadenylation-induced translation,the activity of this protein in oocytes (Stebbins-Boaz et
al., 1996). While control IgG-injected embryos divided and their effects on cleavage and the mitotic apparatus
were scored (Figure 6C). For example, 77% of the 99normally, the blastomere injected with CPEB antibody
divided slowly (by by 3–5 fold) relative to the uninjected surviving embryos injected with CPEB antibody had
phenotypes as shown in Figure 6A and B (i.e., slow cellblastomere (Figure 6A). a-tubulin immunostaining re-
vealed that the cells derived from the CPEB antibody division and abnormal mitotic apparatus). Only 6% of
the surviving embryos injected with the matched control,injected blastomere contained multiple centrosomes,
centrosomes detached from the spindles, or bifurcated IgG, had inhibited cell division and centrosome/spindle
defects. About one-third of surviving embryos injectedspindles (Figure 6B).
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Figure 7. Effect of CPEB Antibody, CPEB D4, and Cordycepin Injection on the Localization and Translation of Cyclin B1 mRNA
(A) Embryos injected with CPEB D4, CPEB antibody, or cordycepin were collected following first cleavage (of the controls) and western blotted
for cyclin B1 and tubulin (top). Each lane was loaded with protein from one embryo. These western blots were scanned and the relative
amount of cyclin B1 at each point was quantified and plotted (bottom).
(B) Fertilized eggs, some of which were injected with CPEB D4 or CPEB antibody, were processed for cyclin B1 mRNA whole-mount in situ
hybridization at the same time of embryogenesis.
(C) Control and CPEB D4 injected embryos were analyzed for a-tubulin and cyclin B1 protein by whole mount immunohistochemistry and
confocal microscopy.
with CPEB DN, which is not phosphorylated by Eg2 and and/or translation of this transcript is CPEB-dependent.
which inhibits CPE-dependent translation in maturing To investigate this possibility, the effects of various
oocytes (Mendez et al., 2000), had retarded rates of cell agents on cyclin mRNA and protein were examined. For
division, whereas only 1% of surviving embryos had example, the injection of one cell embryos with CPEB
such defects when injected with wild type CPEB, the antibody and cordycepin (39-dATP), which inhibit cleav-
matched control. Another CPEB mutant protein, D4, age (Figure 6C), also prevented cyclin synthesis in em-
which has no effect on polyadenylation-induced transla- bryos (Figure 7A). On the other hand, embryos injected
tion in oocytes (data not shown) and neither binds micro- with CPEB D4, which also inhibits cleavage, had little
tubules in vitro nor interacts with the mitotic apparatus in effect on the typical oscillation of cyclin B1 protein dur-
vivo (Figure 4), inhibited cell division in 53% of surviving ing the cell cycle (Figure 7A). However, both CPEB D4
embryos. A similar number of embryos had a reduced and CPEB antibody disrupted the localization of cyclin
rate of cell division when injected with maskin antibody. B1 mRNA on spindles (Figure 7B). These results suggest
Cordycepin (39-dATP), an inhibitor of polyadenylation that CPEB D4 disrupts only local, spindle-associated
(Kuge and Richter, 1995) elicited the strongest response; cyclin synthesis, a consequence of which could be the
it caused cleavage and spindle/centrosome defects in
inhibition of cell division.87% of the surviving embryos while the control, ATP,
A further analysis of this possibility demonstrates thathad no effect. Finally, a peptide containing the maskin
in addition to cyclin B1 mRNA, cyclin B1 protein is alsoeIF4E binding domain, which inhibits protein synthesis
detected on spindles in Xenopus embryos, which is simi-in general (Stebbins-Boaz et al., 1999), inhibited cell
lar to observations in Drosophila (Huang and Raff, 1999)division in 62% of the surviving embryos, whereas a
and HeLa cells (Hagting et al., 1998). Moreover, CPEBmutant peptide that does not bind eIF4E had little delete-
D4 disrupts the localization of cyclin B1 protein on theserious effect. These data demonstrate that polyadenyla-
structures (Figure 7C), just as it does with cyclin B1tion-induced translation regulates embryonic cleavage
mRNA. Taken together, these results suggest that theand is necessary for the integrity of the mitotic appa-
translation of cyclin B1 mRNA is not only regulated byratus.
polyadenylation in embryos, but that this regulation, at
least some of which probably occurs on or near spindlesTranslational Control of Cyclin B1 mRNA
and centrosomes, is important for the integrity of theThe detection of cyclin B1 mRNA, CPEB, and maskin
on the mitotic apparatus suggests that the localization mitotic apparatus and for cell division.
CPEB, Maskin, and Cyclin B1 mRNA
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Discussion cially) and maskin bind tubulin in vitro, they probably
interact directly with the mitotic apparatus. This is al-
most certainly the case with CPEB because deletion ofThis manuscript demonstrates that: (1) CPEB and
maskin are microtubule binding proteins that are found a region that includes a PEST domain abrogates both
tubulin binding in vitro and centrosome localization inon the spindles and centrosomes of animal pole blasto-
meres, (2) agents that disrupt CPEB and maskin activity vivo. While PEST domains have been implicated in rapid
protein degradation (Rechsteiner and Rogers, 1996), theyalso induce defects in the mitotic apparatus and inhibit
cell division, (3) cyclin B1 mRNA and protein are concen- are also sites of protein-protein interaction (Niessing et
al., 1999). In contrast to CPEB and maskin, the othertrated on spindles, and (4) a CPEB mutant protein that is
defective for microtubule and centrosomal association factors involved in polyadenylation-induced translation
(eIF4E, poly(A) polymerase, and CPSF) are coincidenthas little effect on overall cyclin protein levels, but dis-
rupts cyclin B1 mRNA and protein localization on spin- with, but not particularly concentrated on, the mitotic
apparatus. The transient nature of Eg2 colocalizationdles and inhibits cleavage. These observations suggest
that CPEB and maskin regulate the translation of cyclin with CPEB on centrosomes (Glover et al., 1995; Roghi
et al., 1998; Tatsuka et al., 1998) could have a crucialB1 and perhaps other CPE-containing mRNAs in em-
bryos, and that at least some of this regulation takes impact on polyadenylation-induced translation. For ex-
ample, poly(A) tail length is probably controlled by aplace on or near spindles and centrosomes. Moreover,
this regulation is necessary for the integrity of the mitotic dynamic equilibrium between elongation and contrac-
tion. One mechanism by which this equilibrium couldapparatus and for cell division.
be shifted in one direction or the other is to modulate
CPEB activity; such activity could be regulated by theCPEB and Maskin during Oogenesis
cell cycle-controlled localization of Eg2 on centrosomesWhile CPEB and maskin mRNAs are uniformly distrib-
(Roghi et al., 1998). Irrespective of this possibility, theuted in stage 6 oocytes (data not shown), their encoded
observation that general translation factors are associ-proteins are concentrated by about 5-fold in the animal
ated with spindles and centrosomes (Hirokawa et al.,pole cortex and appear as large spots of immunostain.
1985; reviewed in Negrutskii and El’skaya, 1998) indi-These spots may represent large protein complexes that
cates that regulated protein synthesis, in close proximitycould contain mRNAs that are localized to that region
to the mitotic apparatus, could occur.(reviewed by Schnapp et al., 1997). Although the mecha-
The finding that CPE-containing mRNAs are concen-nism by which CPEB and maskin are localized in oocytes
trated on the mitotic apparatus in the animal pole bringsis unknown, the relative distribution of these proteins
up two obvious questions: how do they get there, andchanges drastically upon oocyte maturation. The de-
what purpose do they serve? While we have not ad-struction of CPEB, which occurs mostly in the vegetal
dressed the mechanism of RNA localization per se, thepole, results in its concentration at the animal pole. The
sequence-specificity would almost certainly be depen-purpose of this destruction is unclear, but given that
dent upon CPEB. Indeed, this is strongly suggested byCPEB controls the translation of several cell cycle regu-
the observation that CPEB D4 acts a dominant negativelatory mRNAs such as Mos, cyclin, and cdk2 (Richter,
mutation for cyclin B1 mRNA localization. However,2000), it might be important for meiotic (or mitotic) pro-
maskin might also play an important role in this process.gression in the vegetal region. This hypothesis would
The carboxy half of maskin is composed of a coiled-imply a fundamental difference in cell cycle regulation
coil domain that is 70% identical with a similar motif inin different parts of the developing embryo (Mata et al.,
Drosophila dTACC (Gergley et al., 2000) a member of the2000; Grosshans and Wieschaus., 2000; see also below).
TACC (transforming acidic coiled-coil) family of proteinsAlternatively, the region-predominant destruction of
(Still et al., 1999a,b). dTACC, like maskin, is localizedCPEB could be involved in lineage determination. That
in the oocyte, in this case to the anterior pole, it isis, perhaps persistent expression of CPEB (or maskin)
centrosomal in embryos, and it is essential for bicoidat the vegetal pole would disrupt the stage-specific ex-
mRNA localization (Gergely et al., 2000; Cha and Theur-pression of localized mRNAs whose products are neces-
kauf, in preparation). Neither maskin nor dTACC containsary for mesoderm induction. Indeed, embryonic pat-
obvious RNA binding motifs, suggesting that theirterning requires the region-specific expression of at
involvement in RNA localization is mediated by otherleast one factor involved in protein destruction, a ubiqui-
factors. Orb, the Drosophila homologue of CPEB, is alsotin ligase (Zhu et al., 1999).
important for mRNA localization (Lantz et al., 1994;
Christersen and McKearin, 1994), but whether it inter-CPEB, Maskin, and mRNA at the Mitotic Apparatus
acts with dTACC is not known.The observation that CPEB and maskin are localized on
animal pole spindles and centrosomes was completely
unexpected. Because the spindles of metaphase II- Cleavage, Integrity of the Mitotic Apparatus,
and CPE-Dependent Translationarrested Xenopus eggs are associated with the animal
pole cortex (Gard, 1992), it seems probable that CPEB The treatment of embryos with cycloheximide blocks
cell division in S-phase, which results in centrosomeand maskin either move along a microtubule array to
the mitotic apparatus formed in this region, or became replication (Gard et al., 1990; Sluder et al., 1990). We
have confirmed this result by injecting a maskin-derivedpassively incorporated with microtubules as the spin-
dles are formed. In either case, these proteins form a eIF4E blocking peptide that, like cycloheximide, inhibits
protein synthesis in general. However, our further resultsgradient along the spindles, with the greatest concentra-
tion nearest the centrosomes. Because CPEB (espe- demonstrating that CPEB antibody, CPEB dominant
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negative mutant DN, and cordycepin inhibit cell division, important regulatory event. Additional CPE-containing
induce the formation of multiple centrosomes, and de- mRNAs may also be found on spindles, and experiments
stroy the integrity of the mitotic apparatus, suggest that to address this possibility are presently underway.
the synthesis of key factors is mediated by cytoplasmic
polyadenylation. It is important to note that these
Experimental Proceduresagents, all of which prevent polyadenylation-induced
translation in injected oocytes (Kuge and Richter, 1995; DNA Constructs
Stebbins-Boaz et al., 1996; Mendez et al., 2000), specifi- DNA encoding CPEB, CPEB DC, and CPEB DN have been described
cally inhibit the expression of the relatively few (perhaps (Hake et al., 1998; note that CPEB DC and DN were referred to as
CPEB N and CPEB 1/2Nr1/2c/h, respectively). To synthesize CPEBa dozen or so known) mRNAs that undergo poly(A) elon-
D1, a myc-tagged CPEB (Hake and Richter, 1994) was mutated atgation, one of which is cyclin B1 (Stebbins-Boaz et al.,
position 596 (serine 184) to contain a BssHII site (henceforth called1996). Because CPEB antibody and cordycepin also in-
myc-CPEB A184) using a Chameleon mutagenesis kit (Stratagene),
hibit cyclin B1 synthesis in embryos, it follows that the where the selection primer was 59 CCTCGAGGGGGGGGCCCGTAC
translation of this message is regulated by polyadenyla- CCAATTCGCCC and the mutagenesis primer was 59 CGCTCCAGC
tion at this stage of development as well. Therefore, GCGCCTTCTGACTCTGAG. This DNA served as a template for PCR
amplification using the primers 59 GCCGCTCTAGATGGAACAwhile cell cycle progression is clearly governed by cyclin
GAAGCTGATTAGC (sense) and 59 GCGTCCAGCGCGCCTTCTGACsynthesis and destruction, our data demonstrate that
TCTGAC (antisense). The product was digested with BssHII andregulated cyclin B1 mRNA translation is also important
XbaI and ligated into myc-CPEB A184 DNA that had been digestedfor cell division in early embryos. In the vegetal region,
with the same enzymes. Protein derived from this construct has
however, this may not be the case because the injection residues 168–182 deleted. For D4, the same DNA template noted
of CPEB antibody into a vegetal pole blastomere of a above was PCR amplified with the primers 59 CCCACAAATACAGT
16 cell embryo has no obvious deleterious effect on cell CTTACTCCCTAGGTCGGC (sense) and 59 CCAGCGCGCCGCTG
CATTTCCTCCCACTTGG (antisense). The product was digesteddivision (data not shown).
with BssHII and BamHI and ligated into myc-CPEB A184 that hadIn addition to agents that affect CPEB activity, maskin
been digested with the same enzymes. Protein from this constructantibody injection also results in spindle/centrosome
has residues 185–211 deleted. To produce histidine-tagged versions
defects in embryos. These defects are similar to those of these proteins, a NheI-SacI fragment from histidine-tagged CPEB
observed in Drosophila embryos that have mutations in (Stebbins-Boaz et al., 1996) was replaced with the NheI-SacI frag-
dTACC (Cha and Theurkauf, in preparation). Because ments from the D1 and D4.
The full coding region of maskin (Stebbins-Boaz et al., 1999) wasdTACC has no obvious eIF4E binding domain, it is diffi-
PCR amplified from a Xenopus oocyte cDNA library by PCR withcult to determine whether this protein and maskin are
primers 59 CGGGATCCATGAGCCTTCAAATCATAAACGAT (sense)functionally homologous. However, these results sug-
and 59 CCGCTCGAGTTAGTGCTGAACATACATAACTAGA (anti-gest that they have at least partially overlapping activ-
sense). The amplified DNA was digested with BamHI and XhoI and
ities. cloned into the PET-30a, 6-histidine bacterial expression vector
(Novagen).
To make a CPEB protein that could be detected in cells, GFP wasIs Cyclin B1 mRNA Translated Locally?
fused to the carboxy terminus of mouse CPEB (Gebauer and Richter,The observation that cyclin B1 mRNA and protein, to-
1996). The stop codon of CPEB was mutated to a cysteine by PCRgether with CPEB and maskin, is concentrated on spin-
amplification using the primers 59 ACAGGTAATCCCTTGGGTC (cor-dles and centrosomes might suggest that these struc-
responding to nucleotides 1244 to 1261) and 59 GGAAGATCTGA
tures are the sites of translational control. While ACAGTTCTTCTGGTTCCTC (the 39 C corresponds to nucleotide
consistent this possibility, the relative amount of this 1697), where the underlined nucleotides change the TGA stop codon
message, or the amounts of these proteins for that mat- to a TGT cysteine. This 470 nt PCR product was digested with XbaI
and BglII, and a resulting 160 nt fragment was gel isolated (insertter, that actually resides on the mitotic apparatus is
#1). A 1.5 kb XhoI-XbaI was then isolated from CPEB (insert #2),difficult to estimate, and therefore the functional impor-
and a three-part ligation including inserts 1 and 2, plus XhoI-BamHItance of this concentration is not necessarily clear-cut.
digested pEGFN1 (Clontech), was performed (pEGFPN1-CPEB con-However, CPEB D4, which is fully capable of binding
tains wild type CPEB).
CPE-containing mRNA but is defective for microtubule To make CPEB D4-GFP (CPEB lacking the PEST domain), two
binding, mostly destroys the concentration of cyclin B1 CPEB fragments were generated by PCR. Insert #1, which contained
mRNA and protein on the mitotic apparatus while having a 59 terminal XhoI site, was amplified by the primers 59 CTCGA
GATGGCTTTCTCTCTGG (the underlined ATG encodes the initiationlittle effect on overall cyclin levels. This result suggests
methionine) and 59 GCTGCTAGAACGGGAGTCCA (nucleotides 553–that the inhibition of cell division, which results from
572). Insert #2 was generated by PCR using primers 59 CCCCPEB D4 injection, is due to the loss of cyclin B1 synthe-
TTTCTTTCTATGACGG (nucleotides 660–678) and 59 CTGCAGCCTsis on the mitotic apparatus. Therefore, we propose that
GCCGGTGGAGTC (nucleotides 885–865), phosphorylated, and di-
in animal pole blastomeres of Xenopus embryos, the gested with SacI. A 170 nt fragment was then gel isolated and used
translation of cyclin B1 mRNA is regulated locally, on for a three part ligation together with insert #1 and XhoI and SacI
or near spindles and centrosomes. digested pEGFPN1-CPEB. This procedure resulted in a deletion of
amino acids 183–211. CPEB D1-GFP was made in a similar manner,Local cyclin mRNA translation might be necessary to
which resulted in a deletion of amino acids 168–182.ensure that the protein product is delivered to the sight
To make mRNA encoding a CPEB-GFP fusion, a Sindbis virusat which it is needed. This would appear to case in
expression vector was used. A 2.4 kb CPEB-GFP XhoI-NotI fragmentDrosophila embryos, where both cyclin mRNA and pro-
was isolated and blunt-ended with T4 DNA polymerase. This was
tein are detected on the mitotic apparatus (Raff et al., ligated to a pSinRep5 viral vector (Stratagene) that was digested
1990; Huang and Raff, 1999). Given that Xbub3 mRNA with StuI and dephosphorylated with shrimp alkaline phosphatase.
is also associated with spindles, we suspect that local The DNA was linearized with XhoI or NotI and transcribed in vitro
with SP6 polymerase.synthesis of this checkpoint control protein is also an
CPEB, Maskin, and Cyclin B1 mRNA
445
Protein and Antibody Purification and Immunochemistry bryos were fixed in 4% paraformaldehyde for 20 min and stained
with g-tubulin monoclonal antibody (Sigma) and Alexa 594-conju-Histidine tagged-CPEB (wild type and mutants) and histidine
tagged-maskin were expressed in E. coli and purified on a nickel gated anti-mouse IgG (Molecular Probes) as described above.
Normal rat kidney (NRK) cells were infected with Sindbis viruscolumn as described (Stebbins-Boaz et al., 1996). Affinity purifica-
tion of CPEB and maskin antibodies and immunoblotting have been expressing GFP, CPEB-GFP, CPEB D4-GFP, or CPEB D1-GFP ac-
cording to the manufacturer’s instructions (Invitrogen). The cellsdescribed (Hake and Richter, 1994; Stebbins-Boaz et al., 1999).
Whole-mount immunohistochemistry was performed on oocytes were subsequently fixed and permeabilized on micro-cover slips
and stained with affinity purified pericentrin antibody (gift of S.J.and embryos from albino frogs as described (Davis, 1993). CPEB
and maskin antibodies were diluted 1:1000, as was the peroxidase- Doxsey, University of Massachusetts Medical School) at a 1:1000
dilution. The secondary antibody (1:2000 dilution) was conjugatedconjugated secondary antibody.
For frozen sections, stage 5–6 oocytes from albino frogs were with Alexa 594. Images were obtained on Zeiss Axiovert fluorescent
microscope and processed through the MetaMorph or Adobe Pho-immersed in Tissue-Tek O.C.T. compound and frozen in a vessel
immersed in liquid nitrogen-cooled isopentane. The oocytes were toshop programs.
sectioned on a cryostat (10 m thickness), placed on glass slides,
washed in 95% alcohol for 10 min, and then processed as in Wu et Embryo Injections
al. (1998). CPEB and maskin immune serum, or normal rabbit serum, One cell of Xenopus embryos was injected with 20 nl solutions of
was the source of the primary antibody (diluted 1:1000) while peroxi- affinity purified CPEB or maskin antibody (initial concentrations of
dase or alkaline phosphatase-conjugated IgG (1:1000 dilution) was 50 mg/ml). Other embryos were similarly injected with 20 nl solutions
used as the secondary antibody. containing purified wild type or CPEB D4 or DN protein (1mg/ml);
For fluorescence microscopy, Xenopus embryos were first disso- 20 mM 39-dATP (cordycepin, Sigma), 20mM ATP (Sigma), maskin
ciated into single cells or small groups of cells and processed as in eIF4E binding peptide EFKLATEADFLLAADMDFKC, or mutant pep-
Davis (1993). CyclinB1, however, was detected in the whole embryo. tide EFKLAAEADAAAAADMDFKC coupled to ovalbumin (1mg/ml)
Affinity purified CPEB and maskin antibodies (1:100 dilution) and (Stebbins-Boaz et al., 1999). Embryos were cultured at room temper-
a-tubulin monoclonal antbody (clone B-5–1-2, Sigma, 1:1000) were ature for several different times, or until noninjected embryos had
used as the primary antibodies. The secondary antibodies (1:1000 reached the blastula stage, before processing for in situ hybridiza-
dilution) were conjugated with Alexa 488 or Alexa 594 (Molecular tion, immunohistochemistry or western blot analysis.
Probes). The same procedure was used to detect Eg2 (antibody
provided by J.V. Ruderman, Harvard Medical School), CPSF100 Whole-Mount In Situ Hybridization
(antibody provided by J., Manley, Columbia University), cyclin B1 Whole-mount in situ hybridization with sense and antisense cyclin
(antibody provided by J. Maller, University of Colorado Medical B1 and Xbub3 RNAs (Xbub3 cDNA was a gift of T. Goto, Kyoto
School), and eIF4E (antibody provided by S.J. Morley, University of University) was performed as described by Kloc and Etkin (1999).
Sussex). Poly(A) polymerase antibody was generated by Gebauer Embryos were also stained with DAPI to visualize DNA.
and Richter (1995). All antibodies were used at a dilution of 1:100.
DNA was stained with 0.5 mM TOTO3 (Molecular Probes) in phos-
Acknowledgmentsphate buffered saline. Immunolabeled cells were imaged using a
Leica TCS-SP laser scanning confocal microscope with a 63X 1.4
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mM taxol, or 100 mM colchicine. The extracts were incubated for 30 tion of maternal components in the zebrafish oocyte. Mech. Dev.
min at room temperature with rotation, layered onto a cushion of 77, 31–47.
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Note Added in Proof
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